Unrepaired DNA double-strand breaks (DSBs) cause genetic instability that leads to malignant transformation or cell death. Cells respond to DSBs with the ordered recruitment of signaling and repair proteins to the sites of DNA lesions. Coordinated protein SUMOylation and ubiquitylation have crucial roles in regulating the dynamic assembly of protein complexes at these sites. However, how SUMOylation influences protein ubiquitylation at DSBs is poorly understood. We show herein that Rnf4, an E3 ubiquitin ligase that targets SUMO-modified proteins, accumulates in DSB repair foci and is required for both homologous recombination (HR) and non-homologous end joining repair. To establish a link between Rnf4 and the DNA damage response (DDR) in vivo, we generated an Rnf4 allelic series in mice. We show that Rnf4-deficiency causes persistent ionizing radiationinduced DNA damage and signaling, and that Rnf4-deficient cells and mice exhibit increased sensitivity to genotoxic stress. Mechanistically, we show that Rnf4 targets SUMOylated MDC1 and SUMOylated BRCA1, and is required for the loading of Rad51, an enzyme required for HR repair, onto sites of DNA damage. Similarly to inactivating mutations in other key regulators of HR repair, Rnf4 deficiency leads to age-dependent impairment in spermatogenesis. These findings identify Rnf4 as a critical component of the DDR in vivo and support the possibility that Rnf4 controls protein localization at DNA damage sites by integrating SUMOylation and ubiquitylation events.
Following the DSBs induction, multiple DNA damage signaling and repair factors become concentrated at, or excluded from, specific areas of the nucleus. In particular, a protective and DNA repair-stimulating microenvironment is formed around the DSB sites. These so-called IR-induced foci (IRIF) concentrate multiple DNA repair factors in the vicinity of the strand breaks, promote checkpoint signaling, and constitute a barrier toward further DNA decay. 5 Protein recruitment to such structures occurs in a highly dynamic and hierarchical manner, and is controlled by post-translational modifications within DSB-flanking chromatin. 6 Phosphorylation of multiple DSB-signaling components by the ATM/ATR/DNA-PK kinases have a central role in promoting this response; one of such key events being ATM-mediated phosphorylation of H2AX on ser139, an epigenetic mark commonly referred to as g-H2AX.
7 Phosphorylation of g-H2AX provides a direct binding platform for the MDC1 scaffold protein. 8 Nonproteolytic ubiquitylation also has an important role in orchestrating protein interactions with DSB sites. 9 ATMmediated phosphorylation of MDC1 provides a docking site for the ubiquitin ligase RNF8. 10, 11 RNF8 promotes the polyubiquitylation of core histones H2A and H2AX to trigger a second, ubiquitin-dependent round of protein recruitment to DSB-flanking chromatin. In addition to RNF8, other E3 ligases such as HERC2 and RNF168 are also recruited to these sites, to assist RNF8 in promoting the formation of nonproteolytic, K63-linked polyubiquitin chains on histones and possibly on other targets at sites of DNA damage. These modifications generate permissive conditions for recruitment of downstream DNA repair factors such as 53BP1 and BRCA1-containing protein complexes. 12 Although several other E3 ligases are recruited to IRIF, 12 including RAD18, BRCA1, BMI1, the identity of their substrates within these structures, remains largely unknown.
The small ubiquitin-like modifier (SUMO) has also been implicated in genome stability and repair responses. 13 The SUMO E3 ligases PIAS1 and PIAS4 are required for the recruitment of BRCA1 and 53BP1 to IRIF, and both SUMO1 and SUMO2/3 accumulate in the DSB-associated chromatin areas. 14, 15 Interestingly, these studies uncovered a more direct function of SUMO in facilitating DSB-induced histone ubiquitylation upstream of 53BP1 and BRCA1 recruitment. However, the molecular mechanisms that govern the relationship between SUMOylation and ubiquitylation remain unknown.
RNF4 is currently the only known mammalian member of the SUMO-targeted ubiquitin ligase family. 16 Given that these proteins selectively ubiquitylate SUMOylated proteins they are well suited to have an important role in the cross talk between SUMO and ubiquitin pathways. 17 RNF4 possesses four amino-terminal SUMO-interacting motifs (SIMs) and a C-terminal RING-finger domain that together facilitate the specific ubiquitylation of poly-SUMOylated substrates. 18 The yeast and Drosophila orthologues of RNF4 have been implicated in the maintenance of genome stability and DNA repair. 19, 20 Because of the early embryonic lethality of Rnf4-null mice, it has not been possible to study the role of Rnf4 in the DNA damage response (DDR) in mammals. Here, we describe a mouse Rnf4 allelic series, which allowed us to establish the first genetic link between Rnf4 and the DDR in mammals.
Results
Generation of an allelic series of Rnf4 in mice. Complete genetic ablation of Rnf4 function is deleterious for embryonic development. 21 In order to study the physiological function of mammalian Rnf4 and in particular its role in DDR in vivo, we therefore generated an allelic series in the Rnf4 gene. Our approach is on the basis of use of a gene-trap vector design that contains loxP sites flanking the splice acceptor (SA) of the gene-trapping element (Figure 1a) . Removal of the SA results in splicing around the vector to restore normal wildtype transcript at a reduced level. This strategy has recently been used successfully to generate Cop1 hypomorphic mice. 22 Two different ES (Embryonic Stem cell) clones (RRR624 and HMA301) were used to produce independent Rnf4 mutant mouse lines. As both lines produced identical phenotypes, we only describe one of these lines here. In the RRR624 clone, the pGT01xf vector was inserted in intron 1 (Figure 1a) . Accordingly, the trapped allele produces a hybrid transcript containing a part of the Rnf4 5 0 UTR fused to the bgalactosidase protein. This allele is therefore expected not to produce any functional Rnf4 protein and as such to correspond to a null mutation. The Rnf4-trapped allele is thereafter referred to as Rnf4 À .
Rnf4
þ / À mice are viable and fertile. However, none of the 123 offspring from heterozygous intercrosses were Rnf4 À homozygous (supplementary Table S1 ). Although expected, Mendelian ratios were observed in embryos isolated at E9.5, the proportion of homozygous embryos declined at later stages such that no live homozygous embryos were identified among 42 embryos at E12.5 (Supplementary Table S1 and Figure 1b) . At E10.5, all Rnf4 À / À embryos were developmentally delayed (Figure 1d) .
We crossed Rnf4 þ / À mice with a Cre-deleter strain in an attempt to generate a hypomorphic allele. We reasoned that low levels of Rnf4 activity may rescue the recessive lethality associated with the null allele. We chose the Sox2-Cre transgenic line as it promotes high-efficiency recombination in all epiblast-derived tissues. 23 A PCR-based genotyping strategy confirmed efficient Cre-mediated excision of the SA site; the non-recombined allele could not be detected by PCR in E9.5 Cre-positive homozygous embryos for the trap allele ( Figure 1b) . Viable mice heterozygous for the converted, putative hypomorphic allele (Rnf4 hypo/ þ ) were obtained and intercrossed. Importantly, viable Rnf4 hypo/hypo mice were found, but at a reduced Mendelian distribution at P4 (Supplementary Table S2 ). Both male and female Rnf4 hypo/ hypo viable mice weighted B20% less than wild-type mice both at P20 and P120 (Figure 1e ).
Timed harvests revealed that, although growth retarded, several Rnf4 hypo/hypo embryos are viable at E12.5 (Supplementary Table S2 and Figure 1c) . In order to confirm hypomorphic expression of RNF4 from the Cre-recombined allele, we harvested E9.5 embryos of various genotypes and performed reverse transcription quantitative PCR (RT-qPCR) analyses ( Figure 1c ). As predicted, the presence of one Crerecombined allele (thereafter referred to as Rnf4 hypo ) leads to the expression of low levels of wild-type Rnf4. Rnf4 expression was reduced by 95% in Rnf4 hypo/hypo embryos. In summary, our genetic approach allows the generation of viable Rnf4-mutant mice (Rnf4 hypo/hypo ) mice with a 95% decrease in Rnf4 expression.
Rnf4-deficiency leads to increased sensitivity to DNA damage. In contrast to Rnf4 À / À , Rnf4 hypo/hypo mouse embryonic fibroblast (MEF) cultures could be established. When serially transferred on a 3-day schedule (3T3), Rnf4 hypo/hypo MEFs proliferated at slower rates than wildtype controls starting from passage 3 onwards (Figure 2a ) and eventually underwent apoptosis. Clonogenic assays further confirmed a role for Rnf4 in the control of cellular growth (Figure 2b ). RT-qPCR analysis confirmed that Rnf4 expression levels are reduced to B5% of wild type in Rnf4 hypo/hypo MEFs (Figure 2c ). It is well documented that increased ROS-induced DNA damage limits the in vitro growth of MEFs in atmospheric oxygen concentrations. Our results therefore indicate that Rnf4-deficiency may sensitize MEFs to ROS-induced DNA damage. To directly determine whether Rnf4-deficiency confers increased sensitivity to DNA damage, we subjected Rnf4 hypo/hypo MEFs and mice to 5 Gy of g-radiation. DNAdamage signaling activates several cell cycle checkpoints and RNF4 and DNA double-strand break repair R Vyas et al Figure 1 Generation of an allelic series of Rnf4. (a) The structure of the pGT01xf gene trap vector along with the structures of the wild-type, trapped (assimilated to a null allele) and hypomorphic Rnf4 alleles. The hypomorphic allele is generated by Cre-mediated conversion of the trapped allele. Exons are indicated by black boxes. SA, splicing acceptor site; En2 intr1, intron 1 of Engrailed2; b-geo, lacz/neomycin reporter/selection cassette. (b) A representative PCR analysis of E9.5 embryos with the indicated genotypes (upper panel). The three primers used are described in the Materials and Methods section. Discrimination of the wild-type, null and hypomorphic alleles by PCR using two different primer sets (lower panel). (c) RT-qPCR showing relative mRNA expression using total RNA isolated from E9.5 embryos of the indicated genotypes. The data were normalized to the level of expression in control wild-type ( þ / þ ) embryos, which is set to 1. The data represent the mean±S.D. of 2 independent experiments. (d) wild-type ( þ / þ ) and homozygous trapped Rnf4 À / À ( À / À ) embryos at E10.5 (upper panel). wild-type ( þ / þ ) and embryos harboring two hypomorphic allele (h/h) at E12.5 (lower panel). (e) Control ( þ / þ ) mice and mice homozygous for the hypomorphic mutation (h/h) at P120 deficiency in genes involved in DDR such as H2AX, 24 Mdc1, 25 Rnf8, 11, 26 and 53bp1 27 leads to a defect in the G2/M checkpoint. Cell cycle analyses of Rnf4-deficient and wildtype MEFs 18 h post-IR indicated that a higher proportion of the Rnf4-deficient cells is found at the G2/M phase ( Figure 2d ). To further demonstrate that this phenotype is a direct consequence of Rnf4-deficiency, we re-established Rnf4 expression levels in Rnf4 hypo/hypo MEFs using a lentiviral-based approach. The proportion of Rnf4 hypo/hypo MEFs expressing flag-tagged exogenous RNF4 found at the Whole-body g-radiation induces apoptosis in a number of tissues, especially in radiosensitive organs such as the thymus and small intestine. We measured apoptosis in the thymus ( Figure 2f ) and small intestine (data not shown) of Rnf4 hypo/hypo mice after whole-body radiation. The absolute number of thymocytes was not significantly reduced and the distribution of the CD4 À , CD8 À , CD4 þ , CD8 þ , and CD4 þ and CD8 þ thymocyte populations was not affected in Rnf4-deficient mice (data not shown). However, a significant increase in the number of apoptotic cells was evident in the thymus (and small intestine) of g-irradiated Rnf4
hypo/hypo mice compared with wild-type controls (Figure 2f ). Decreased Rnf4 expression also led to increased sensitivity to IR-induced apoptosis in non-radiosensitive cells/tissues; a significant fraction of Rnf4-deficient MEFs and keratinocytes underwent apoptosis in response to IR exposure (Figures 2g and h) . Together these studies demonstrate that Rnf4 deficiency leads to increased radiosensitivity.
Rnf4-deficiency leads to increased IR-induced DNA damage and sustained DNA damage signaling. We observed an increase in phosphorylated H2AX (g-H2AX) levels in Rnf4-deficient MEFs upon passaging ( Figure 3a) . A significant increase in the number and size of g-H2AX foci was also observed in these cells compared with wild-type controls ( Figure 3b ). Moreover, whereas g-H2AX foci were rapidly induced following IR and subsequently resolved progressively over a period of 24-h recovery in wild-type control cells, Rnf4-deficiency significantly delayed recovery ( Figure 3b ). This defect is a direct consequence of Rnf4-deficiency, as it is not observed in Rnf4 hypo/hypo MEFs reconstituted with flag-tagged exogenous RNF4 (Supplementary Figure S1) .
In order to obtain a direct evidence for the presence of DNA damage, we analyzed untreated and IR-induced cells for DSBs by PFGE (Figure 3c ). In the absence of IR, Rnf4-deficient cells exhibited B1.2 times more DSBs compared with wild-type littermate controls. The modest-but reproducible-increase in DSBs observed in the absence of exogenously induced DNA damage is consistent with the basal increase in g-H2AX levels. Importantly, 24 h after IR exposure, there were approximately twice as many DSBs in Rnf4-deficient cells compared with wild-type cells. These analyses indicate that Rnf4 deficiency impairs IR-induced DSBs repair.
The ATM-Chk2-p53 signaling pathway has essential roles in response to DSBs. 28 IR-induced Ser-18 phosphorylation of p53 was elevated in Rnf4-deficient cells compared with controls, and this led to an increase in its transcriptional activity as demonstrated by a significant increase in the mRNA expression levels of some of its well-established target genes (Figures 3d and e ). An increase in DDR signaling in Rnf4-compromised cells was confirmed in vivo by IHC (Figure 3f) . A readily detectable increase in the levels of g-H2AX, phosphorylated ATM, Ser-18 phosphorylation of p53, and pan-p53 was observed in the small intestine of Rnf4-deficient mice compared with wild-type control littermates, following whole-body irradiation (Figure 3f and data not shown). Collectively, these data indicate that Rnf4 has a fundamental role in DSB repair and signaling.
RNF4 is recruited to IR-induced DNA damage foci. The SUMO-E3 ligases PIAS1 and PIAS4 are recruited to DNA damage sites, promote the SUMOylation of several key DNA repair factors, including 53BP1 and BRCA1, and are required for effective ubiquitin-adduct formation mediated by RNF8 and RNF168 at those sites.
14 RNF4, currently the only known mammalian SUMO-dependent E3 ligase, might also promote ubiquitylation of a number of DNA-damageinduced SUMOylated proteins at sites of DNA damage. To test this, we assessed the subcellular localization of exogenous V5-tagged RNF4 upon transfection in the commonly used murine fibroblastic cell line NIH-3T3 (Figure 4a ). V5-RNF4 localized diffusely to the nucleoplasm in the untreated cells but it concentrated in foci co-localizing with the DSB marker g-H2AX upon exposure to IR.
To determine the subcellular localization of endogenous RNF4, we raised specific antibodies against human RNF4. We used multi-photon laser micro-irradiation to induce local DNA damage in living U2-OS cells, 29 and showed rapid accumulation of endogenous RNF4 in laser tracks that were marked by g-H2AX (Figure 4b) .
To determine the role of SUMOylation in RNF4-targeting, we mutated the four SUMO interaction motifs (SIMs) in RNF4. Wild-type RNF4 fused to GFP rapidly accumulated in laser tracks generated by either multi-photon or UV-A laser irradiation (Figure 4c and Supplementary Figure S2) . In contrast, recruitment of RNF4 SIM mutant (DSIM) to laser tracks was significantly reduced (Figure 4c ), indicating that RNF4 is recruited to sites of DNA damage in a SUMOylationdependent manner. Low-level accumulation of the DSIM mutant could be explained by RING-RING interactions between mutant and endogenous RNF4. Notably, the kinetics of RNF4 recruitment did not fully resemble those reported SUMOylated MDC1 and SUMOylated BRCA1 are regulated by RNF4. We used SILAC technology to study SUMOylation dynamics in response to IR and search for relevant RNF4 SUMO targets. Consistent with previous reports, 14, 32 we identified 53BP1 and MDC1 as IR-induced SUMO-2 target proteins. To determine whether these SUMO conjugates are regulated by RNF4, knockdown experiments were performed in cells stably expressing low levels of His-SUMO-2. Cells were treated with IR (10 Gy) and the proteasome inhibitor MG132 (10 mM) combined or were left untreated. SUMOylated proteins were purified under denaturing conditions and analyzed by immunoblotting ( Figure 5) . We confirmed the SUMOylation of 53BP1 and MDC1 in response to IR. Furthermore, a significant increase in IRinduced MDC1 SUMOylation was observed upon RNF4 knockdown, indicating that SUMOylated MDC1 is regulated by RNF4 (Figure 5a ). In contrast, knockdown of RNF4 resulted in a decrease of 53BP1 SUMOylation (Figure 5b ).
BRCA1, a critical HR component, has been identified as a DDR component that is regulated by SUMOylation 14,15 in response to proteasome inhibition. 33 A significant increase in BRCA1 SUMOylation was observed upon knockdown of RNF4, indicating that SUMOylated BRCA1 is also regulated by RNF4 (Figure 5c ). Under these conditions, no increase in BRCA1 SUMOylation upon irradiation was observed. Similar to the RNF4 target protein PML, 18, 33 SUMOylated BRCA1 was targeted for degradation by the proteasome, explaining why BRCA1 was missing in our SILAC screen. The observed pattern of SUMO conjugation is compatible with SUMO polymers being attached to BRCA1. Combined, these results identify BRCA1 and MDC1 as RNF4-regulated SUMO-2 target proteins.
RNF4 deficiency affects both HR and NHEJ. To directly establish the implication of RNF4 in DSB repair, we used various GFP-reporter-based assays. For HR, we used a human cancer cell line (HEK293) with an integrated copy of the DR-GFP reporter, 34 and assessed repair efficiency following RNF4 knockdown. With this reporter, a DSB is introduced into the chromosome by expressing the I-SceI endonuclease, and, if HDR occurs, GFP is expressed, which is quantifiable by flow cytometry. Strikingly, the depletion of RNF4 significantly decreased HR-mediated DNA repair (Figure 6a ). Western blotting analysis confirmed the silencing of RNF4 in shRNF4-1-and sh-RNF4-2-expressing cells. Non-homologous end-joining (NHEJ) was measured in human cancer cells (H1299) using a recently developed assay. 35 These cells stably express the IRES-TK-EGFP reporter cassette, which contains two cleavage sites for the I-SceI endonuclease. 35 Transfection of the I-SceI expression Figure 5 MDC1 and BRCA1 are SUMO2 target proteins that are regulated by RNF4. (a-e) U2-OS cells stably expressing His-SUMO2 were either infected with a Mission library lentivirus to knockdown RNF4 or with a negative control lentivirus. Three days after infection cells were either mock-treated or treated with MG-132 (10 mM) to inhibit the proteasome. One hour after the start of MG-132 treatment, cells were either mock-treated or irradiated with IR (10 Gy). The damaged and undamaged cells were subsequently incubated for 4 hours and lysed. His-SUMO2 conjugates were purified and eluted samples were loaded on 3-8% Tris-acetate gels and analyzed by immunoblotting using antibodies directed against MDC1 (a), 53BP1 (b), BRCA1 (c) and SUMO2/3 (d) to detect the SUMOylated forms of these proteins in response to DNA damage and proteasome inhibition. (e) Total cell lysates were loaded on a 4-12% Bis-Tris gel and analyzed by immunoblotting, using anti-RNF4 antibody to assess the efficiency of RNF4 knockdown RNF4 and DNA double-strand break repair R Vyas et al plasmid into these cells specifically cleaves the two I-SceI sites in the substrate, and produces DSBs with incompatible ends. NHEJ of the two broken DNA strands results in the deletion of the herpes simplex virus-thymidine kinase open reading frame and leads to the production of a transcript that enables translation of EGFP. The efficiency of NHEJ was assessed by monitoring EGFP production in cells expressing sh-RNF4-2 or a control sh-RNA (sh-Luc). A significant decrease in NHEJ was observed in RNF4 KD cells compared with control cells, indicating that RNF4 is also required for efficient NHEJ-mediated repair (Figure 6b ). The ability to repair a linearized GFP reporter construct by NHEJ was also measured in Rnf4-deficient MEFs. This assay confirms that the efficiency of NHEJ-mediated repair is decreased in Rnf4-depleted cells (Figure 6c ). Together, these data indicate that RNF4 contributes to both HR and NHEJ-mediated DNA repair.
Rnf4 is required for the recruitment of Rad51 to IR-induced DNA damage sites. Rad51 is recruited to DSBs and is one of the key enzymes in HR repair. 36 We therefore examined whether Rad51 co-localizes normally at g-H2AX-marked damage in Rnf4 deficient cells. Strikingly, whereas as expected, there was a substantial increase in Rad51 foci in Rnf4 wild-type cells, with a peak between 3 and 6 h post-IR; Rad51 staining is much more diffuse and only marginally overlap with g-H2AX foci in Rnf4-deficient cells (Figures 6d and  e) . In contrast, the recruitment of 53bp1 to IR-induced gH2AX-foci was only marginally affected (data not shown). These observations demonstrate a critical role for Rnf4 in the recruitment for and/or retention in repair foci induced by IR.
Impaired spermatogenesis in Rnf4-hypomorphic mice. Programmed DSBs initiated by the meiosis-specific protein Spo11 are essential for meiotic recombination. 37 The repair of these breaks is mediated by HR. Defects in this process lead to impaired spermatogenesis and infertility. We examined the effect of Rnf4 deficiency on meiosis and fertility. Testicular sizes were comparable between 6-week-old Rnf4 hypo/hypo and wild-type littermates, and histological examination did not reveal any obvious abnormalities at that stage. However, at 17 weeks of age, Rnf4 hypo/hypo males had smaller testicles than wild-type littermates (Figure 7a ). Histological analysis revealed signs of testicular degeneration and atrophy with prominent interstitial compartment with large aggregates of Leydig cells separating degenerated seminiferous tubules characterized by severe vacuolation of Sertoli cells and depletion of germ cells (Figure 7b ). The concentration of mature spermatozoa was also drastically decreased in the epididymis of 17-week-old Rnf4 hypo/hypo males compared with controls ( Figure 7c ). These data demonstrate that Rnf4 is required for spermatogenesis in an age-dependent manner.
Discussion
To assess the physiological function of Rnf4 in DDR, we have generated a mouse model for Rnf4 deficiency. We show that similar to the effect of null or hypomorphic mutations of genes involved in DSB signaling, such as H2Ax, 24 Mdc1, 25 Rnf8, 38 Rnf168, 39 Rnf4 hypomorphic mice are growth retarded and radiosensitive. In addition, we observed increased cell death and a reduced number of spermatocytes in the seminiferous tubules of these mice. This meiotic defect is also reminiscent of loss of DDR proteins such as H2Ax, 24 Mdc1, 25 Rnf8, 38 and Rnf168, 39 and can be explained by the observation that Spo-11-mediated generation of DSBs and their repair by HR are required for proper meiosis. 37 Together, these data establish an important genetic link between Rnf4 and the DDR in mammalian cells. Our findings are consistent with and complementary to two recent biochemical studies that have implicated RNF4 in DSB repair. 30, 31 Consistent with a critical role in DSB repair, RNF4 is recruited to IRIF. It has indeed been shown before that SUMO1, SUMO2/3 and the SUMO E3 ligases PIAS1 and PIAS4 are recruited to IRIF and required for ubiquitin-adduct formation at sites of DNA damage and subsequent DSB repair. This raises the possibility that RNF4 is recruited to IRIF by binding to PIAS1/4-substrate(s) and that, in turn, RNF4 promotes the ubiquitylation of these and/or other substrates which have a critical role in DSB repair. In this context, it is interesting that RNF4 recruitment to laser tracks depends on the integrity of its SIM domains; an observation which is consistent with previous findings. 30, 31 In support of this model, Galanty et al. 31 showed that RNF4 recruitment to DSBs is impaired in PIAS1 and PIAS4 KD cells.
Another unresolved question is what is/are the target(s) of RNF4-dependent ubiquitylation and whether RNF4-mediated ubiquitylation at DNA lesions promotes proteolytic degradation. One mechanism through which RNF4 could promote damage repair is by inducing the degradation and subsequent removal of its substrates, allowing proper assembly of downstream factors at the sites of damage. In this context, we identified BRCA1 as an RNF4-regulated SUMO-2 conjugate. Interestingly, Yin et al. 30 recently showed that depletion of BRCA1 abrogates RNF4 the accumulation at sites of DNA damage. One possible scenario is therefore that SUMOylation of BRCA1 creates an important docking site for RNF4 which, in turn, could promote the degradation and clearance of BRCA1 from sites of DNA damage.
Notably, although the regulatory function of RNF4 appears to be ubiquitin-mediated degradation of poly-SUMOylated proteins such as PML, 18 RNF4-mediated ubiquitylation does not always lead to degradation. 40 Our SILAC screen uncovered MDC1 and 53BP1 as IR-induced SUMO-2 target proteins. These proteins could also be involved in the early phase of RNF4 recruitment to sites of DNA damage. However, it is unlikely that they are subsequently ubiquitylated and degraded by the proteasome, as proteasome inhibition combined with IR reduced the SUMOylation of 53BP1 and had little effect on the SUMOylation of MDC1.
Among other potential RNF4 substrates are RPA1, the 70-kDa subunit of the RPA complex, and BLM, both of which are SUMOylated in response to IR and replication stress. 14, 41, 42 Our findings that Rnf4-deficiency leads to impaired recruitment of Rad51 to IRIF, decreased HR-mediated repair and hypogonadism in mice strongly support a role for Rnf4 in HRmediated DNA repair. A growing body of evidence supports HR as the dominant pathway for repair of replicationassociated one-ended DSBs, which form at collapsed replication forks. 43 The role of Rnf4 in replication-stressinduced DNA damage is currently being investigated in our laboratory. Although RNF4 is yet to be linked to human pathologies, the pleiotropic defects associated with RNF4 inactivation including growth retardation, radiosensitivity, and impaired spermatogenesis highlight important physiological functions of RNF4.
Materials and Methods
Generation of Rnf4-mutant alleles and genotyping. An ES clone (RRR624) with a single gene-trap insertion of pGT01lxf in the Rnf4 locus was obtained from the International Gene Trap Consortium. The pGT01lxf vector contains an SA site flanked by loxP sites and a b-geo cassette for positive selection. This clone was used to generate mice with the unmodified trapped allele (Rnf4 -) that were subsequently bred to Sox2-Cre transgenic mice to remove the SA and generate a Rnf4-hypomorphic allele (Rnf4 hypo ). Genotyping of the Rnf4-trapped allele (Rnf4 . Genotyping of the Rnf4-hypomorphic allele was done by PCR using the following primers: 5 0 -GCCTGGGGTA CCCTATTGGA-3 0 and 5 0 -GGCCTCAGGAAGATCGCA CT-3 0 . Cre-mediated excision of the SA site results in a shift from a 722 bp for the trapped allele to a 277-bp PCR product for the hypomorphic allele.
Plasmids. Human RNF4 cDNA was amplified by PCR using mammalian genome collection plasmid 42534 and specific extended primers compatible with the Gateway system. The amplified fragment was inserted into pDON207 and GFP-and V5 expression constructs were generated using standard Gateway technology (Invitrogen, Grand Island, NY, USA). A plasmid encoding the RNF4 SIM mutant was generated, replacing leucines, isoleucines, and valines in the four SIM domains of RNF4 (I36, L38, V39, I46, V47, L49, V57, V58, V59, L61, V67, V68, I69, V70) for alanines.
Cell culture. MEFs were generated from day 12.5 embryos using the standard procedures. MEFs were cultured in DMEM (Gibco Invitrogen Corporation, Grand Island, NY, USA) supplemented with 10% FCS. 10% fetal bovine serum, 2 mM GlutaMAX (Invitrogen), and 100 U/ml penicillin and 100 mg/ml streptomycin. 293 DR cells were cultured in same conditions but they were grown on poly-lysine-coated plates.
Apoptosis (FACS analysis).
Early passage MEFs were left untreated or treated with IR (5 Gy). 24 h later, cells were harvested and resuspended in 500 ml of 1X binding buffer. 5 ml of Annexin V-FITC (BD Biosciences, San Jose, CA, USA) and 5 ml of propidium iodide was added. Cells were incubated at room temperature for 5 min in the dark. Using appropriate settings cells were analyzed by FACS using BD FACSCanto.
Cell Cycle Analysis. Early-passage MEFs were left untreated or treated with IR (5 Gy). Twenty-four hours later, cells were stained with PI as per the manufacturer's instruction using Cyclotest Plus DNA Regent Kit (BectonDickinson, San Jose, CA, USA).
Real-time RTq-PCR assays. Total RNA was prepared from cell pellets using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA), according to the manufacturer's protocol. Total RNA (1 mg) was reverse transcribed in a final volume of 20 ml using a SuperScript kit (Invitrogen). These assays were performed, following the manufacturer's specifications (PE Applied Biosystems, Foster city, CA, USA). Primer pairs and TaqMan probes were designed by Applied Biosystems (assays on demand). Each sample was analyzed in triplicate. To measure the Rnf4 mRNA expression, we used the Syber green detection assay (Applied Biosystems, Foster city, CA, USA), according to the manufacturer's instruction. The sequence of the forward and reverse primers used is 5 0 -CTGGAGTCGGTACGTCCTTG-3 0 and 5 0 -GGAGCCAACTA-GATGTGCAG-3 0 , respectively.
Western blotting analysis. Ten microgram of whole-cell extract were fractionated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose. The primary antibodies used were as follows: anti-phosphorylated H2AX (Cell Signaling Technology, Danvers, MA, USA); anti-p53 (1C12, Cell Signaling Technology), anti-phospho-Ser18-P53 (Cell Signaling Technology), anti-BRCA1 (SC-646, Santa-Cruz Biotechnology, Santa Cruz, CA, USA), anti-MDC1 (A300-052A, Bethyl Laboratories, Montgomery, TX, USA), anti 53BP1 (A300-272A, Bethyl Laboratories), anti SUMO-2/3 (8A2, Abcam, Cambridge, UK), anti-GFP (Roche, Mannheim, Germany) and anti-vinculin (clone hVIN-1, SigmaAldrich, St Louis, MO, USA). Anti-RNF4 antibodies were raised in rabbit using bacterially produced RNF4. Secondary antibodies used include peroxidaseconjugated goat anti-rabbit IgG and anti-mouse IgG (Pierce, Rockford, IL, USA). Proteins were detected using ChemiDoc-It 500 (UVP, Upland, CA, USA). VisionWorksLS software (UVP) was used to calculate signal levels.
Immunofluorescence microscopy. Early passage MEFs were grown on glass slides were left untreated or treated with IR (5 Gy), and fixed with 4% PFA for 10 min at room temperature. Fixed MEFs were blocked with antibody dilution buffer (5% BSA and 0.05% Triton X-100 in PBS) and incubated with rabbit antiRad51 antibody (Abcam), rabbit anti-phospho-H2AX (Ser139) antibody (Millipore) and/or rabbit anti-phospho-H2AX (Cell Signaling Technology) for 1 hour at RT. Labeling was detected using Alexa Fluor 488-labeled goat-anti-rabbit immunoglobulin or Alexa Fluor 555-labeled goat-anti-mouse immunoglobulin secondary antibodies (Molecular Probes). Cells were mounted with mount solution vectashield (vector laboratories) containing DAPI. The slides were observed under Nikon A1R Eclips Ti microscope equipped with digital camera. Images were acquired under Â 400 magnification. NIH3T3 cells were either mock-transfected or transfected with wild-type RNF4 V-5 tagged expression vectors. Forty-eight hours post-transfection, cells were irradiated (5 Gy), fixed 2 h later and stained with anti-V5 antibody (Invitrogen), as described earlier.
Multi-photon laser micro-irradiation. Laser micro-irradiation was carried out on a Leica SP5 confocal microscope equipped with an environmental chamber set to 37 1C and 5% CO2. U2-OS cells were grown on glass coverslips. DNA damage-containing tracks (1.5 x n mm) were generated with a Mira modelocked Ti:Sapphire laser (l ¼ 800 nm, pulse-length ¼ 200 fs, repetition rate ¼ 76 MHz, output power ¼ 80 mW ). Cells were irradiated and fixed at the indicated time points and immunostained with g-H2AX and RNF4 antibodies. GFP-RNF4 wt/DSIM expression vectors were transiently transfected in U2-OS cells and live cell imaging was performed after DNA damage induction to monitor the recruitment of RNF4.
UV-A laser micro-irradiation. U2-OS cells expressing GFP-tagged versions of RNF4 were grown on 18 mm coverslips and treated with 10 mM 5 0 -bromo-2-deoxyuridine (BrdU) for 24 h. For micro-irradiation, the cells were placed in a Chamlide TC-A live-cell imaging chamber that was mounted on the stage of a Leica DM IRBE widefield microscope stand (Leica, Wetzlar, Germany) integrated with a pulsed nitrogen laser (Micropoint Ablation Laser System; Photonic Instruments, Inc., Belfast, Ireland). The pulsed nitrogen laser (16 Hz, 364 nm) was directly coupled to the epifluorescence path of the microscope and focused through a Leica 40x HCX PL APO 1.25-0.75 oil-immersion objective. Living cells were irradiated with the laser output at 80 in CO 2 -independent Leibovitz's L-15 medium supplemented with 10% FCS at 37 1C.
Images were taken at the indicated time points after micro-irradiation using Andor IQ software (Andor, Belfast, Northern Ireland) and an Andor DL658M camera (Andor).
Pulse Field Gel Electophoresis. Cells were untreated or treated with 5 Gy and 24 h later, PFGE was performed and relative intensity of DNA breakage was determined, as described earlier. 44 Histology and Fragel Assay. Rnf4 þ / þ and Rnf4 h/h littermate mice were left untreated or treated with IR (5 Gy). Mice were sacrificed after 24 h, and small intestine and thymus were fixed in 4%PFA, sectioned (5-7 mm), processed and embedded in paraffin using the standard immunohistochemistry protocol. Formalin-fixed and paraffin-embedded tissues were stained with either appropriate antibodies. In order to detect the apoptotic cells, the Klenow FragEL DNA Fragmentation Kit (Calbiochem, Darmstadt, Germany) was used, according to the manufacturer's instructions. Skin sections were prepared, as described above and stained for active Caspase-3.
RNF4 knockdown. One million cells were seeded in a 15-cm dish and the next day, cells were either infected with shRNA TRCN0000017054 directed against RNF4 or control non-targeting shRNA SHC002 viruses at MOI 2 (SigmaAldrich). After changing the media on the third day, cells were incubated for another 3 days to obtain proper knockdown of RNF4. Cells were harvested and SUMO purifications were performed.
NHEJ and HR assay. Efficiency of NHEJ repair was measured in human cells using an assay that was recently described. 35 RNF4 was KD, as described above in the engineered H1299 cells and then transfected with I-SceI-expression vector (pCBA Sce), using Lipofectamine 2000 reagent (Invitrogen). NHEJ was also measured in Rnf4 þ / þ and Rnf4 h/h MEFs, following transfection with HindIIIlinearized pBabe-GFP plasmid together with pBabe-HcRed as a control of transfection efficiency. NHEJ was measured by the rate of re-circulation 48 h after transfection using FACSCanto (Becton-Dickinson). HR efficiency was measured in 293HEK with a stable integration of the transgenic reporter DR-GFP, as previously described. 34 RNF4 was KD in these cells, as described above, and subsequently transfected with I-SceI-expression vector (pCBA Sce), using Turbofect (Invitrogen). Forty-eight hours after the last transfection, GFP-positive cells were assayed by FACSCanto (Becton-Dickinson).
